The discovery of the second interstellar object 2I/Borisov on 2019 August 30 raises the question of whether it was ejected recently from a nearby stellar system. Here we compute the asymptotic incoming trajectory of 2I/Borisov, based on both recent and prediscovery data extending back to December 2018, using a range of force models that account for cometary outgassing. From Gaia DR2 astrometry and radial velocities, we trace back in time the Galactic orbits of 7.4 million stars to look for close encounters with 2I/Borisov. The closest encounter we find took place 910 kyr ago with the M0V star Ross 573, at a separation of 0.068 pc (90% confidence interval of 0.053-0.091 pc) with a relative velocity of 23 km s −1 . This encounter is nine times closer than the closest past encounter identified for the first interstellar object 1I/'Oumuamua. Ejection of 2I/Borisov via a three-body encounter in a binary or planetary system is possible, although such a large ejection velocity is unlikely to be obtained and Ross 573 shows no signs of binarity. We also identify and discuss some other recent close encounters, recognizing that if 2I/Borisov is more than about 10 Myr old, our search would be unlikely to find its parent system.
Introduction
The discovery of the first interstellar object, 1I/'Oumuamua, on 2017 October 19 generated an intense period of observation using over 100 hours of medium to large telescope time for the two weeks following its discovery. The strong interest in 1I/'Oumuamua resulted from this being the first opportunity to acquire detailed information on a fragment of material ejected from another star system. The scientific community was eager for the discovery of a second interstellar object because it would start to provide information on the diversity of interstellar objects.
The data obtained on 1I/'Oumuamua immediately following its discovery focused on the characterization of its physical properties, while the final data, obtained by the Very Large Telescope and Hubble Space Telescope between November 2017 and early January 2018, was an astrometric experiment designed to trace the orbit back to 1I/'Oumuamua's parent solar system. From these observations we learned that 1I/'Oumuamua was small and red, which is typical of solar system comets, but looked asteroidal (without dust or gas, Meech et al. 2017; Ye et al. 2017; Fitzsimmons et al. 2018) . The extreme brightness variations showed that the nucleus was rotating in an excited state and was highly elongated -something that is yet to be explained (Meech et al. 2017; Belton et al. 2018 ). Because of the lack of activity, it was surprising when the astrometry showed a strong non-gravitational signal that was perturbing the motion of 1I/'Oumuamua as it left the solar system, suggesting that there was undetected cometary outgassing (Micheli et al. calj@mpia.de 2018) . The non-Keplerian trajectory was compared with the reconstructed orbits of 7.4 million stars from the Gaia Data Release 2 (Gaia DR2) catalog to try to identify past close encounters that might be 1I/'Oumuamua's parent star system, but no low velocity close encounters were found (Bailer-Jones et al. 2018a ).
The enduring interest in interstellar objects has stimulated a rich field of investigation, with more than 120 papers written on 1I/'Oumuamua to date. Yet because of the brevity of its visit, we still lack information regarding some of the most fundamental questions about 1I/'Oumuamua regarding its composition, shape, and origin.
Comet C/2019 Q4 (Borisov) was discovered at low elevation in the morning twilight on 2019 August 30 by Gennady Borisov at the MARGO observatory in Crimea (CBET 2019) when it was at 2.98 au from the Sun and exhibited a short dust tail. After analyzing the astrometry reported to the Minor Planet Center (MPC) in the following week, the possibility of a highly hyperbolic orbit became apparent. Because it was moving more slowly than 1I/'Oumuamua, it took longer for the orbit to be recognized as interstellar. However, by 2019 September 10 our astrometric data from the Canada-France-Hawaii telescope showed a hyperbolic orbit at the 10-σ level with an eccentricity of 3.08 (later refined to 3.36). The hyperbolic orbit was published by the MPC on 2019 September 11 (Minor Planet Center 2019a) and this was officially designated as 2I/Borisov on 2019 September 24 (Minor Planet Center 2019b) . 2I/Borisov is red (Jewitt & Luu 2019) with similar colors to 1I/'Oumuamua; our data give g − r = 0.64 ± 0.01 mag. Unlike 1I/'Oumuamua, 2I/Borisov is actively outgassing, and CN has been detected, giving it a chemical composition that appears to be similar to solar system carbon-Article number, page 1 of 7 arXiv:1912.10213v2 [astro-ph.EP] 7 Jan 2020 A&A proofs: manuscript no. borisov_gdr2 chain species depleted comets Opitom et al. 2019) .
Pre-discovery observations subsequently reported by the Zwicky Transient Facility and going back as far as 2018 December 13 (Ye et al. 2019) , brought the total observed arc to almost a year (we use here observations up to 2019 November 17) with a total of 916 observations. 1 In this paper we use these data to compute the asymptotic trajectory of 2I/Borisov, and use astrometry from the Gaia DR2 catalogue (Gaia Collaboration 2018) plus radial velocities to trace stellar positions back in time, in order to identify any close encounters. We cannot perform a survey that is "complete" in any useful sense of that term, because we are limited by the available Gaia astrometry and, more significantly, by the available matching radial velocities (see details below). Thus our goal is limited to a search for close encounters among specific stars. We do not attempt to correct for incompleteness in a statistical manner.
Asymptotic trajectory
To determine 2I/Borisov's asymptotic incoming trajectory we fitted a suite of different models (listed below) to account for the different possible behavior of non-gravitational forces.
-Gravity-only (JPL solution 38).
- Marsden et al. (1973) model, in which the radial, transverse, and out-of-plane components of the non-gravitational perturbation are A i g(r) for i = 1, 2, 3 respectively. The A i parameters are constant while the function g(r), which describes the dependency on the heliocentric distance r, is driven here by H 2 O. JPL solution 39 estimates only A 1 and A 2 , solution 40 also estimates A 3 , and solution 41 estimates all of these as well as a time offset relative to perihelion of the peak of the nongravitational acceleration (Yeomans & Chodas 1989 ). - Marsden et al. (1973) model with g(r) driven by CO (Meech & Svoren 2004) . JPL solution 42 estimates only A 1 and A 2 , whereas solution 43 also estimates A 3 . -Rotating jet model (Whipple 1950 (Whipple , 1951 Chesley & Yeomans 2005) Similarly to what Bailer-Jones et al. (2018a) did for 1I/'Oumuamua, for each orbital solution we numerically integrated the trajectory back to 3000 BCE and then extrapolated to the Keplerian inbound asymptote relative to the solar system barycenter. The gravitational model takes into account the Sun, the eight planets, the Moon, Pluto, 16 main belt perturbers, and general relativity (Farnocchia et al. 2015) . The parameters for these asymptotic solutions (giving the direction 2I/Borisov was coming from, and its speed, before encountering the Sun), including complete uncertainties, are listed in Table 1 . A selection is plotted in Figure 1 .
For the rest of our analysis we use only solution 47. The covariance for this solution in Table 1 difference in the direction of the different asymptotic trajectories is 12 , which corresponds to a transverse deviation of 0.002 pc over a path of 30 pc (the distance 2I/Borisov travelled to the closest encounter we find below). The maximum difference in the asymptotes' velocity magnitudes is 8 m s −1 , corresponding to a displacement of 0.008 pc along the path after 1 Myr. Both of these are small compared to the uncertainties in the stellar trajectories, as we see from the results. While revising this paper, further JPL solutions became available, yet these are all consistent with JPL solution 47 to well within the uncertainties, differing by less than 1 m s −1 and at most a few arcseconds. No further significant change of the incoming asymptote is expected.
Close stellar encounters
To identify close encounters, we integrate the orbits of a sample of stars back in time through a Galactic potential, and we do the same for 2I/Borisov starting from its asymptotic trajectory computed in the previous section. Our sample comprises all sources in Gaia DR2 that have five-parameter astrometry, and radial velocities either from Gaia DR2 or (if not in Gaia DR2) from Simbad (Wenger et al. 2000) . This is mostly limited to cool stars (roughly 3500-7000 K) with 5 < G < 14 mag. We further limit our search to objects that have visibility_periods_used 2 ≥ 8 and unit weight error (UWE) less than 35 (see section 2.2 of Bailer-Jones et al. 2018b for further explanation). In total our sample contains 7 428 838 sources. 3 Table 1 . Solutions for the incoming asymptotic trajectory (velocity vector) of 2I/Borisov. (α, δ) and v ∞ give the barycentric ICRF (International Celestial Reference Frame) direction and asymptotic velocity of 2I/Borisov. σ(v x ), σ(v y ), σ(v z ) are the standard deviations of the Cartesian ICRF velocity components; the last three columns give the correlation coefficients ρ. For orientation, the Galactic coordinates of these solutions are l = 132.9 • , b = −1.9 • . We use only solution 47 in the analysis. As done in the 1I/'Oumuamua study (Bailer-Jones et al. 2018a), we use a parallax zeropoint of −0.029 mas, i.e. this is subtracted from all parallaxes. The true parallax zeropoint may vary and may be slightly more negative for stars brighter than G 16 mag (e.g., Zinn et al. 2019) , perhaps about −0.050 mas. This difference is generally smaller than the parallax uncertainties for our stars. Moreover, the uncertainties in the radial velocities tend to dominate the uncertainties in our inferred encounter parameters, so the exact choice of zeropoint is not critical.
We use the same Galactic model for the orbital integration as we did in the 1I/'Oumuamua study. This is a smooth, threecomponent axisymmetric Galaxy model. Further details can be found in Bailer-Jones (2015). We do not include discrete components such as molecular clouds, not least because these evolve in unknown ways on the timescales of our integration (Myr), so they cannot be correctly represented. Yet because of the limited distance horizon of our data, we generally trace orbits only for a few Myr (a few tens of pc), so the trajectories are virtually linear (demonstrated below). The exact choice of Galactic potential is therefore not very important. The accuracy of the resulting encounters is limited mostly by the stellar data.
Our method of finding encounters is identical to the one we used in Bailer-Jones et al. (2018a) to find possible parent stars of 1I/'Oumuamua (see reference for more details). As in that work, in order to quantify the uncertainties in the encounter parameters, we generate 2000 surrogates for each star from its 6D covariance matrix (3D position, 3D velocity), and likewise for 2I/Borisov, and integrate all of these back in time.
We find 14 stars that approached within 1 pc of 2I/Borisov in the past. Table 2 shows the encounter parameters and other data on the stars. All of these have UWE of less than a few and so they are formally good astrometric solutions (if they are not wide binary systems; see section 3.2). We are interested in encounters that are both very close and very slow. As shown in Bailer-Jones et al. (2018a), a comet or asteroid ejected from a stellar system in a three-body interaction would have a characteristic ejection velocity of a few km s −1 if the third body (the stellar companion) is a giant planet. We see in Table 2 much larger velocities, of Gaia DR2 but do have a radial velocity and a Gaia DR2 source_id in Simbad (i.e. they were cross matched by CDS); 51 641 sources have a radial velocity in Simbad but no Gaia DR2 source_id in Simbad, yet nonetheless have a close (< 1 ) counterpart in Gaia DR2. This last group includes some duplicates of sources in the first group, but uses a Simbad as opposed to a Gaia DR2 radial velocity. 20 km s −1 or more, which is only generally achievable with a stellar-mass companion.
Ross 573
The closest encounter we find passes very close, at a separation of just 0.068 pc (around 14 000 au) with a 90% confidence interval (CI) of 0.053-0.091 pc. The encounter took place 910 kyr ago at a relative speed of 23 km s −1 . Figure 2 shows the distribution of the surrogates. This object, Gaia DR2 5162123155863791744, has various other names, including Ross 573, and it is listed in Simbad as being an M0 dwarf with an apparent V-band magnitude of 10.0 mag. These characteristics agree with its Gaia DR2 apparent and absolute magnitudes and color (listed in Table 2 ), as well as its effective temperature (T eff ) of 4050 K (68% CI 3980-4180 K). This is a high proper-motion star (310 mas yr −1 ) that is currently 21 pc from the Sun. None of the Gaia DR2 quality metrics suggest the Gaia astrometry is problematic (e.g. UWE = 1.3). No nearby companions are listed in Simbad and none are apparent in images in Aladin (Bonnarel et al. 2000) , so there is no evidence that the astrometric solution is compromised by duplicity. There are seven good HARPS spectra in the ESO archive taken over a period of nine years. Their radial velocities are consistent within 20 m s −1 , which is further evidence for a lack of significant binarity. The HARPS radial velocity is 14.1105 ± 0.0068 km s −1 . If we use this in the orbital integration, the encounter parameters hardly change: d med enc decreases by 0.0039 pc and t med enc increases by 41 kyr. Assuming Ross 573 has an Oort cloud and that the radius of such an Oort cloud is limited by the Galactic tide, then the maximum radius scales with the size of the star's Hill sphere in the Galactic potential (Hanse et al. 2018) . As Ross 573 is very close to the Sun, the scaling factor is simply (M star /M ) 1/3 . With M star = 0.7 M from the spectral type, this scaling factor is 0.9. Thus the maximum radius for Ross 573's Oort cloud is similar to that of the Sun, which is about 10 5 au. The encounter with 2I/Borisov is much less than this and so, from this point of view, Ross 573 is a plausible origin for this exo-comet.
Using the median encounter parameters and the adopted mass of Ross 573, we compute that 2I/Borisov was deflected by 36 by this encounter. The typical relative velocities of, and timescales to, other close encounters in Table 2 are 20 km s −1 and 500 kyr respectively, during which 2I/Borisov will have travelled 10 pc. Over this distance the deflection corresponds to a lateral Table 2 . The 14 stars that encounter 2I/Borisov in the past with a median encounter distance (d med enc ) below 1 pc, sorted by this value. Column 1 reports a common name (Ross, Wolf, GJ, HD, HIP, in that order) from Simbad, if available (Gaia DR2 4828141619844398464 has no entry in Simbad). Columns 3, 6, and 9 are the median encounter time t med enc , median encounter distance d med enc , and median encounter velocity v med enc , respectively. The columns labeled 5% and 95% are the bounds of the corresponding 90% confidence intervals. Columns 12-17 list the parallax ( ; corrected for the zeropoint), total proper motion (µ), and radial velocity (v r ) along with their 1-σ uncertainties. Columns 18, 19, and 20 are the apparent and absolute Gaia G-band magnitude (assuming zero extinction) and Gaia color respectively. As discussed in section 3.2, GJ 4384 is probably in a long-period binary orbit, so the encounter parameters shown here (which neglect this) are incorrect. displacement of 0.002 pc. That is, our computation of other close encounters could be wrong by up to this amount due to our neglect of two-body effects. This is much smaller than the precision of the inferred encounter separations (and the other encounters induce even smaller errors).
The trajectory of Ross 573, and most of the other close encounters in Table 2 , is so short that the exact Galactic potential has little impact on the encounter parameters. As an extreme test we set the potential to zero (i.e., using linear motions) and recompute the encounter parameters, again using all the surrogates. The median encounter time, distance, and velocity then change by −0.9 kyr, −0.0036 pc, and −0.03 km s −1 , respectively. These are much smaller than the uncertainties.
Ross 573 was also identified as a close encounter by Hallatt & Wiegert (2019) who infer a similar time and speed, but with a considerably larger encounter distance of 0.64 pc (90% CI of 0.60-0.69 pc). Their study used a combination of sources for the data on the stars, and it is not stated exactly which data they used for each object, although it seems likely that they used Gaia DR2 here. They use a slightly different Galaxy model, but given that our encounter parameters are hardly changed when we just assume linear motions, this is unlikely to be the reason for the discrepancy. A more likely explanation is the use of a different asymptotic trajectory for 2I/Borisov, in particular the velocity amplitude (see Section 2). Hallatt & Wiegert (2019) used an early gravity-only solution obtained from JPL on 2 October 2019. Ours is based on a much longer data arc and accounts for the action of non-gravitational forces, so it should be more accurate.
GJ 4384
Our second closest encounter is GJ 4384. To be more precise, the result in Table 2 uses astrometry for Gaia DR2 2875096978193873024 and the Simbad-listed radial velocity of −7.9 ± 0.2 km s −1 (there is no Gaia DR2 radial velocity), as these objects match to within 0.1 . Simbad lists a second source, HD 224635, as being only 0.01 from GJ 4384. However, from the data on these sources from various catalogs and publications listed on Simbad, we conclude that these two identifiers actually refer to the same single source. Malkov et al. (2012) , for example, in a study of binary systems, does not flag this as being either an eclipsing or spectroscopic binary star. Also, it is not identified as an unresolved binary in Hipparcos (Perryman & ESA 1997) . We equate this star with ADS 17149A, HIP 118281, and WDS J23595+3343A, and refer to it here as s024 for short. If, instead, we use the radial velocity listed in Simbad for HD 224635, which is −7.7 ± 2.0 km s −1 , then the encounter parameters shown in Table 2 are hardly changed (d med enc by 0.0008 pc and t med enc by 17 kyr).
GJ 4384 does, however, have a companion 2.475 away, Gaia DR2 2875096978193654528 (s528 for short), which also goes by the names HD 224636, ADS 17149B, and WDS J23595+3343B.
These two stars, s024 and s528, both have good astrometric quality indicators, so their proximity should not have corrupted their astrometry (in agreement with expectations about Gaia for this separation). But they do have very similar parallaxes (the average is 33.82 mas and the difference 0.04 mas) and radial velocities (Simbad gives −4.6 ± 2.0 km s −1 for HD 224636), so they are almost certainly a physical binary. If they were in a common plane perpendicular to the line-of-sight, their physical separation would be 73 au and their relative velocity 4.8 km s −1 .
This compares to a relative orbital velocity of two solar-mass stars in a mutual circular orbit of this radius of 4.9 km s −1 (and their period would be 440 yr). As their proper motion difference of 35 mas yr −1 is about a quarter of their absolute proper motions, the velocity of their center-of-mass could differ significantly from that of either component.
If we knew the mases of both components of the binary, we could solve for both the center-of-mass and the Keplerian orbital elements (6+6 parameters from the 3D position and 3D velocity for each star). The spectral type of this pair is given by Struve & Franklin (1955) as F8+G1, with F8 presumably referring to GJ 4384 because this is slightly brighter and bluer (by 0.3 mag and 0.05 mag respectively in Gaia DR2). This agrees with their T eff and positions in the color-absolute magnitude diagram, as given by Gaia DR2. We adopt a mass of 1 M for each component to compute the position and velocity of the center-of-mass. Integrating the center-of-mass's motion back in time, we find the time, distance, and relative speed of its closest encounter with 2I/Borisov to be -1380 kyr, 3.64 pc, and 20.9 km s −1 respectively. This is considerably more distant than the encounter found when neglecting the binary motion (the second line of Table 2 ). We do not compute the covariance on these parameters due to an inadequately characterized correlation in the Gaia astrometric uncertainties for sources close to one another. The largest uncertainty is the radial velocity of s528. If we change this by ±2σ, the encounter distance remains between 3.3 and 4.0 pc. We conclude that the binary motion renders the GJ 4384-HD 224636 system a much more distant encounter than is shown in Table 2 . Although a binary system is an attractive option for ejecting 2I/Borisov, this encounter distance is far larger than the size of the system.
We note that GJ 4384 is listed as the second closest encounter to 2I/Borisov as found by Hallatt & Wiegert (2019) with similar encounter parameters to ours (d med enc = 0.32 pc) when we neglect binarity.
Other candidates
We note that several of our other close encounters are binary systems. One of these, HD 22781, has a planetary companion (Díaz et al. 2012 ), but the encounter velocity of 36 km s −1 is rather high for this planet to be plausibly involved in ejecting 2I/Borisov. It is worth examining in addition those encounters beyond 1 pc (not listed in Table 2 ) that are particularly slow. The slowest encounter we find within 5 pc is with Gaia DR2 4769698316220254592 (= HD 34327), at 3.9 km s −1 (90% CI 3.7-4.2 km s −1 ) but at 4.8 pc, 14.7 Myr ago. The next slowest encounter is nominally Gaia DR2 2007876324466455424 (= HD 239960A) with v med enc = 5.6 km s −1 (and d enc between 1 and 3.5 pc). However, because of the large relative uncertainty in its velocity relative to 2I/Borisov, mostly arising from the radial velocity uncertainty, this encounter solution is poorly constrained.
The closest encounter that Hallatt & Wiegert (2019) find to 2I/Borisov is with GJ 3270, at d med enc = 0.21 pc (90% CI 0.08-0.32 pc) and v med enc = 33 km s −1 . Our solution puts this encounter further away, with a 90% probability of approaching between 0.377 and 0.580 pc (see Table 2 ), and only a 1% probability that its approach is closer than 0.35 pc. The third closest encounter from Hallatt & Wiegert (2019) , at 0.32-0.55 pc (90% CI), is with 2MASS J03552337+1133437 (= Gaia DR2 3303349202364648320). Our solutions put this much further away, at 1.07 pc (90% CI 0.98-1.17 pc), so it is not listed in our table. tential and its evolution (e.g., Bailer-Jones et al. 2018a; Zhang 2018; Hallatt & Wiegert 2019) .
In this study, we ask whether there are close encounters to specific stars among the available data. We have not attempted to estimate the overall rate of close encounters to 2I/Borisov by correcting for this incompleteness (as done for the Sun, for example, by García-Sánchez et al. 2001; Bailer-Jones 2018; Bailer-Jones et al. 2018b) ; nor have we corrected for binary motion. Even though this could be done in a few cases, the vast majority of binaries are either unidentified as binaries or could not be corrected using the available data.
Conclusions
We have found a very close (14 000 au; 90% CI 11 000-18 600 au) encounter between 2I/Borisov and the M0V star Ross 573 that took place around 900 kyr ago. If 2I/Borisov was ejected from orbit around this star via a three-body interaction, then assuming it has undergone no other encounter since, it must have been ejected at around 23 km s −1 . This is rather fast for ejection by a massive companion, for which there is also no observational evidence. We have not found a good candidate for a second star passing close to Ross 573 that could potentially have ejected 2I/Borisov. Thus although the probability of such a close encounter over the distance 2I/Borisov has traveled from this star to the Sun is low (0.04), there is no obvious mechanism to eject 2I/Borisov from the host star. A second close approach that initially seemed interesting took place with the F8V star GJ 4384, 1500 kyr ago at 0.25 pc and 19 km s −1 . However, when taking into account its orbital motion with its solar-mass companion at a projected separation of 73 au, the encounter separation to the center-of-mass of this system increases to over 3 pc.
